Introduction
The TTAGGG repeat sequence at chromosome telomeres forms a protective T-loop structure, which is stabilised by telomere-binding proteins (Griffith et al, 1999) and is believed to prevent chromosome ends from being recognised as DNA breaks (de Lange, 2002) . Most human somatic cells lack the telomere-synthesising enzyme telomerase and consequently suffer telomere shortening with each round of DNA synthesis, owing to the so-called 'end-replication' problem (Harley et al, 1990) . Progressive telomere erosion with ongoing proliferation eventually results in one or more telomeres becoming critically short, or even absent (Baird et al, 2003) , which triggers cell cycle arrest and replicative senescence. While the causal role of telomere erosion in this process has been firmly established by the ability of telomerase to prevent senescence in normal human fibroblasts (Bodnar et al, 1998) , the exact biochemical links between dysfunctional telomeres and cell cycle arrest have remained elusive.
One attractive hypothesis is that telomere erosion, either directly via unmasking of chromosome ends, or indirectly via chromosome bridge/breakage cycles, generates a signal equivalent to DNA double-strand breaks (DSBs). Consistent with this, we and others have shown that, like classical DNA damage-induced proliferative arrest, telomere-driven senescence is dependent on functional p53 (Gire and WynfordThomas, 1998 ) and is associated with a similar pattern of p53 phosphorylation (Webley et al, 2000) . Also, experimental telomere uncapping through inactivation of the telomeric protein TRF2 led to a senescence response that is mainly dependent on a functional ataxia-telangiectasia mutated (ATM) and p53 pathway (Karlseder et al, 1999) . While this is consistent with a model in which dysfunctional telomeres generate an exposed end recognised as a DNA DSB, none of these findings provide direct evidence that physiological telomere shortening leads to a DNA damage response. Here, we identify the DNA damage checkpoint protein kinase Chk2 as a key mediator of replicative senescence.
Chk2 is a component of the DNA damage checkpoint signalling pathway that responds to damage caused, for example, by ionising irradiation (IR), and to a lesser extent by ultraviolet radiation or replication blocks by hydroxyurea . Direct phosphorylation of Chk2 by ATM at Thr68 within the SQ/TQ cluster domain is required for activation and is also a prerequisite for subsequent phosphorylation at other Chk2 regulatory sites Melchionna et al, 2000; Lee and Chung, 2001) . Activated Chk2 in turn directly phosphorylates and regulates the functions of p53 (Chehab et al, 2000; Takai et al, 2002) and BRCA1 (Lee et al, 2000) tumour suppressors or the CDC25 family phosphatase (Matsuoka et al, 1998; Falck et al, 2001) , resulting in checkpoint activation and cell cycle arrest in G1 (Chehab et al, 2000) , S ) and G2/M phase (Matsuoka et al, 1998; Hirao et al, 2000) . Consistent with these multiple roles in protecting genome integrity, Chk2 is itself a tumour suppressor, mutations in Chk2 have been identified in a variant form of Li-Fraumeni syndrome, a highly penetrant familial cancer phenotype normally associated with p53 mutations, and in sporadic human cancers (Bell et al, 1999) .
Here we report that two ATM substrates, Chk2 and H2AX, are key components of a telomere loss/DNA damage-signalling pathway that is activated in response to telomere erosion in human fibroblasts. Furthermore, we show that Chk2 function is essential for normal senescence-associated growth arrest, consistent with a causal role in activating p53.
Results

Phosphorylation and activation of Chk2 at senescence
Normal human foreskin fibroblasts (HFF) were serially passaged until they reached replicative senescence (at around population doubling (PD) of 87) as defined previously (Gire and Wynford-Thomas, 1998 ) by cell cycle arrest (bromodeoxyuridine (BrdU) labelling index o1%), flattened morphology and accumulation of senescence-associated b-galactosidase (SA-bgal) activity (Dimri et al, 1995) . As expected, senescent HFF showed upregulation of the cyclin-dependent kinase inhibitor p21 waf1 (p21) with the concomitant presence of pRb in its hypophosphorylated, growth-suppressive form ( Figure 1A ) (Stein et al, 1999) . Chk2 protein at senescence displayed an electrophoretic mobility shift ( Figure 1A ), a characteristic phosphorylation-induced reduction in mobility strictly associated with its activation . However, the extent of the shift in senescent cells was significantly less pronounced compared to the shift produced in young cells exposed to the radio-mimetic drug, bleomycin ( Figure 1A ). Phosphatase treatment ablated the altered mobility, indicating that Chk2 is modified by phosphorylation at senescence (data not shown). Furthermore, similar results were obtained in senescent IMR90, another fibroblast strain, indicating that Chk2 mobility shift is not unique to normal foreskin fibroblasts ( Figure 1B) .
Damage-dependent activation of Chk2 is accompanied by the phosphorylation of a cluster of SQ/TQ sites within the Nterminus of Chk2, which are consensus targets for members of the ATM/ATR kinase family Melchionna et al, 2000) . The predominant phosphorylated site is Thr68 and this event promotes oligomerisation and entails further autophosphorylation at Thr383 and/or Thr387 on the catalytic domain, which is required for full activation of Chk2 (Lee and Chung, 2001; Xu et al, 2002) . Therefore, we investigated whether these modifications, which function as a surrogate marker for Chk2 activation , could be detected in cells at senescence. In addition, we studied Thr26/Ser28, two other Chk2 regulatory sites, phosphorylation of which correlates with activation Xu et al, 2002) .
Phosphorylation of Chk2 at Thr68 and at Thr387 could be readily detected, using phospho-specific antibodies, by Western blot analysis of young HFF treated with bleomycin, but was only barely detectable in lysates of senescent HFF (data not shown). However, a significant increase in phosphorylation of Chk2 at Thr68, Thr26/Ser28 and Thr387 could be detected by immunoblotting of Chk2 immunoprecipitates from senescent fibroblasts compared to young HFF ( Figure 1C ). In contrast, another form of cell cycle arrest, quiescence induced by contact inhibition, did not lead to any increase in Chk2 phosphorylation ( Figure 1C ). As anticipated from the low magnitude of the electrophoretic changes and levels of phosphorylation of Chk2 observed at senescence, we were unable to demonstrate directly an increase in Chk2 activity at senescence using an in vitro kinase assay. Western blot analysis of young fibroblasts at PD35 untreated (À) or treated ( þ ) with bleomycin (bleo) (used here as positive control) and ageing fibroblasts at PD74, PD82 and PD87 (cell population fully senescent). Loading control (LC) is the scan of amido-black-stained membrane, which showed equal amounts of protein transferred. The phosphorylation status of Rb is used to monitor cell cycle regulation. The percentages of cells positive for BrdU (24 h labelling) and SA-bgal are shown below. The standard deviations were 1-3%. Positive cells were scored by microscopic observation after indirect immunostaining of BrdU incorporation and histochemical assessment of b-galactosidase activity at pH 6. (B) Similar analysis for young and aged IMR90 fibroblasts at PD60 and PD68 (cell population fully senescent). (C) Chk2 phosphorylation at senescence. Phosphorylation at Thr68, Ser26/Thr28 and Thr387 was examined with phospho-specific antibodies on immunoblots of Chk2 immunoprecipitates from lysates of young fibroblasts untreated (À) or treated ( þ ) with bleomycin (bleo), and of aged and young contact-inhibited (CI) fibroblasts. Recovery of immunoprecipitated Chk2 was monitored by immunoblotting with total Chk2. IP, immunoprecipitation; WB, Western blot.
Forced telomere shortening amplifies Chk2 activation
We next sought to formally exclude the possibility that Chk2 activation might be merely a consequence rather than a cause of senescence. To test this, we examined whether Chk2 activation was abolished in cells that had escaped senescence through inactivation of the essential senescence effectors p53 and pRb, using a retrovirus encoding the human papilloma virus (HPV-16) genes E6 and E7. Such cells continue to proliferate beyond the senescence limit until they reach a second proliferative barrier termed 'crisis', by which time extensive loss of telomeric sequences results in genomic catastrophe and massive cell death (Zhu et al, 1999) . Young HFF expressing E6/E7 failed to show either induction of endogenous p21 (Figure 2A ) or cell cycle arrest (data not shown) after bleomycin treatment. However, the level of expression and the degree of phosphorylation of Chk2 following bleomycin exposure were not altered in these cells compared to normal HFF (Figure 2A ), indicating that activation of Chk2 does not depend on p53 and pRb function.
Serial passage of HFF expressing E6/E7 beyond the point where they would normally enter senescence was associated with a progressive increase in Chk2 electrophoretic mobility shift and increased phosphorylation at Thr68 (Figure 2A ), consistent with increasing activation. Similarly, immunoprecipitated Chk2 from these cells, in contrast to young HFF expressing E6/E7, was recognised by anti-phospho-Thr68, anti-phospho-Ser26/Thr28 and anti-phospho-Thr387 antibodies ( Figure 2B ). Similar results were obtained with IMR90 cells expressing E6/E7 ( Figure 2C and data not shown).
Thus, Chk2 activation seems to be a direct result of events provoked by continued cell division rather than from the senescence state itself. Furthermore, the continued proliferation of E6/E7 cells, despite evidence of increasing Chk2 activation, indicates that in the absence of p53 and pRb pathways these cells are unable to arrest in response to signals elicited by eroded telomeres. The increasing phosphorylation of Chk2 observed in such cells is consistent with the ongoing process of continual telomere erosion, increasing the proportion of critically short telomeres beyond the small number per cell thought to be present at normal senescence (Hemann et al, 2001) . Thus, these data place Chk2 upstream of p53 and pRb and downstream of telomere erosion.
Telomerase expression prevents Chk2 activation
We also wished to exclude the possibility that the observed activation of Chk2 might be related to the time the cells have spent in culture, for example, as a consequence of accumula- Figure 2 Chk2 activation in fibroblasts expressing E6/E7 and/or hTERT. (A) Immunoblots for abundance of phospho-Thr68-Chk2, Chk2 and p21 of fibroblasts expressing HPV-E6/E7 grown beyond senescence up to near crisis. Young HFF and those expressing HPV-E6/E7 ( þ E6/E7) were untreated (À) or treated ( þ ) with bleomycin (bleo). Serially passaged HFF expressing E6/E7 were analysed at PD85 up to PD122. Reduction of the endogenous level of p21, a direct transcriptional target of p53, served as a marker for the activity of E6 in E6/E7 cells. Loading control (LC) is the scan of the amido-black-stained membrane. (B) Chk2 phosphorylation of fibroblasts expressing HPV-E6/E7 grown beyond senescence up to near crisis. Phosphorylation at Thr68, Ser26/Thr28 and Thr387 was examined with phospho-specific antibodies on immunoblots of Chk2 immunoprecipitates from lysates of young fibroblasts expressing E6/E7 at PD25 untreated (À) or treated ( þ ) with bleomycin, and of E6/E7 cells serially passaged and analysed at PD85 up to PD122. Phospho-specific immunoblots are from independent blot of the same lysates. Recovery of immunoprecipitated Chk2 was monitored by immunoblotting with total Chk2 (lower panel). IP, immunoprecipitation; WB, Western blot. (C) Similar analysis as in (A) for young and IMR90 fibroblasts expressing E6/E7 at the indicated PD. (D) hTERT expression prevents Chk2 activation in fibroblasts expressing E6/E7. Immunoblots for Chk2 phosphorylated at Thr68 and total levels of Chk2, p21 in E6/E7 cells, young (Y) and at crisis (Cri) compared to immortalised E6/E7 cells through ectopic expression of hTERT (hT) untreated (À) or treated ( þ ) with bleomycin (bleo). (E) hTERT expression prevents Chk2 activation in fibroblasts. Immunoblots for Rb, Chk2 and p21 in young (Y) and senescent (S) cells compared to immortalised fibroblasts through ectopic expression of hTERT (hT) untreated (À) or treated ( þ ) with bleomycin (bleo). Loading control (LC) is the scan of the amidoblack-stained membrane. tion of physiological stress-induced cell 'damage' rather than telomere erosion per se. We therefore examined the effect of forced expression of the catalytic subunit of telomerase (hTERT), which is sufficient to arrest or reverse telomere erosion (Stewart et al, 2003) and allows escape from both senescence and crisis in normal HFF (Bodnar et al, 1998) , or those expressing E6 and E7 (Zhu et al, 1999) .
In HFF expressing E6/E7, which had escaped crisis through expression of hTERT, phosphorylation of Chk2 at Thr68 was no longer detectable and its mobility resembled that of young fibroblasts, although the ability to be induced by bleomycin was retained ( Figure 2D ). Moreover, in normal HFF immortalised by hTERT, no changes in Chk2 immunoreactivity or mobility could be detected in cultures, which had been passaged well beyond the point where the corresponding hTERT-negative normal cells would have senesced ( Figure 2E ).
These data suggest therefore that Chk2 activation is specifically induced by telomere erosion, and not as a response to cumulative 'stress' during extended in vitro culture, a conclusion consistent with recent experiments in Saccharomyces cerevisiae where Rad53p, a homologue of human Chk2, is phosphorylated in response to short telomeres, brought about by inactivation of telomerase (AS and Greider, 2003) .
Focal accumulation of phosphorylated histone H2AX (c-H2AX) in senescent and post-senescent cells
The Thr68 phosphorylated form of Chk2 accumulates in senescing cells ( Figure 1C ), suggesting that senescence invokes a DNA damage response signalling pathway that includes at least ATM. We next examined by immunofluorescence the presence of another ATM substrate, g-H2AX, which is the earliest known cellular response to DNA damage and localises at the sites of DSB (Rogakou et al, 1999) .
In the absence of DNA damage, the nuclear g-H2AX appeared to exist as two distinct populations in proliferating young fibroblasts. In approximately 70% of the cells, g-H2AX staining was weak or diffuse, whereas in the remainder we detected one to two discrete g-H2AX foci per nuclei ( Figure  3A and B). As described earlier for various cell lines (Rogakou et al, 1999; Ward et al, 2001) , exposure of HFF to bleomycin caused the appearance of numerous large g-H2AX foci in most of the cells. Although there was a marked cell-tocell heterogeneity in the number of observed foci per nuclei, 50% of nuclei had at least 30 foci ( Figure 3A) . Notably, such foci were also evident in senescent HFF, although significantly less abundant even without any bleomycin exposure ( Figure 3A) . In 30-35% of the cells, three to five large g-H2AX foci were observed, and in 20-25% more than five ( Figure 3A) . Furthermore, as shown in Figure 3B , there was a clear inverse correlation between the proportion of nuclei containing g-H2AX foci and DNA replication (BrdU labelling index) as late-passage HFF approach senescence. Finally, in HFF expressing hTERT grown beyond senescence, the occurrence of g-H2AX was comparable to young proliferating cells (data not shown), reinforcing the importance of telomere erosion as opposed to cumulative nonspecific 'damage' in inducing these changes.
To further corroborate the essential role of continued cell division in inducing g-H2AX foci, we performed similar analysis on HFF expressing E6/E7 grown beyond senescence.
In these cultures, both the percentage of nuclei containing g-H2AX foci and the mean number of foci per nucleus increased until, at crisis, levels were reached similar to those seen after exposure of young E6/E7 cells to bleomycin ( Figure 3C ). Again, as with normal HFF, expression of hTERT in HFF expressing E6/E7 was sufficient to abolish g-H2AX foci formation associated with their extended lifespan ( Figure 3C ). Phosphorylated H2AX, but not Chk2, associates with telomeric DNA The DNA damage signal documented here could arise either indirectly from rupture of dicentric chromosomes at mitosis (themselves the result of telomeric fusion) and/or directly from eroded chromosome ends (assuming that telomeres at senescence resemble damaged DNA).
To address this, we assessed whether g-H2AX accumulates at telomeres by performing chromatin immunoprecipitation (ChIP) assay on in vivo cross-linked chromatin (Loayza and De Lange, 2003 ) from young and post-senescent E6/E7 cells, since we had already shown that the latter show significant Chk2 activation ( Figure 2 ) and massive g-H2AX foci accumulation ( Figure 3 ).
ChIPs performed using antibodies to g-H2AX showed that telomeric DNA association of g-H2AX was undetectable in young cells expressing E6/E7 (PD25), was readily detectable at PD96 and increased further (approximately five-to sixfold) by PD111 ( Figure 4A and B). These data provide direct evidence that g-H2AX binds directly to telomeres in latepassage cells as a result of progressive telomere shortening. On the contrary, parallel ChIPs assays with antibodies to Chk2 revealed no detectable association. These latter results may suggest, as shown in a recent study using live-cell imaging (Lukas et al, 2003) , that Chk2 does not stably reside at DSB sites despite interacting transiently with DSB to become phosphorylated by ATM.
Inactivation of Chk2 leads to an extension of proliferative lifespan
Given the above evidence suggesting Chk2 activation in replicative senescence, we next set out to test whether it is necessary for senescence-associated cell cycle arrest. Chk 2 À/À mouse embryonic fibroblasts are available and have been shown to be deficient in their ability to maintain a cell cycle arrest in response to ionising radiation (Takai et al, 2002) . Unfortunately, we did not consider these to be a suitable model system, in view of the now well-recognised differences in the genetic control of senescence between murine and human fibroblasts (Drayton and Peters, 2002) , notably the lack of dependence on telomere erosion in the former. Therefore, we used instead a dominant-negative mutant of Chk2 (Chk2DN), which had been shown to be non-activatable and failed to undergo the mobility shift in response to ionising radiation (Matsuoka et al, 1998; Chehab et al, 2000) .
We constructed a retroviral vector, which in young HFF was able to confer stable high levels of expression of Chk2DN (six-to ten-fold above endogenous wild-type Chk2) ( Figure 5A ). Expression of mutant Chk2DN blocked the mobility shift of endogenous Chk2 and significantly reduced the activating phosphorylation at Thr387 in response to bleomycin, therefore confirming the dominant-negative effect of the construct ( Figure 5A ). The observation that Thr387 phosphorylation was not totally abolished probably reflects cell-cell heterogeneity in Chk2DN expression, since immunocytochemical analysis showed that, in pooled drugselected cultures, 10-15% of cells fail to express high Chk2DN levels (data not shown).
Near-senescent HFF cultures were infected either with retroviral vectors encoding Chk2DN, neo-only (negative control) or dominant-negative p53 mutant (p53DN, positive control). Near-senescent cells were used in order to minimise the possibility of selection for additional unknown genetic events, and to facilitate quantitation of lifespan extension (Bond et al, 1994) . Chk2DN expression gave rise to rapidly expanding colonies, as described previously for mutant p53 (Bond et al, 1994) , with morphology similar to young HFF, while control populations showed early cessation of growth ( Figure 5B ). Immunocytochemical analysis confirmed high expression of Chk2 in 85-90% of cells derived from nearsenescent HFF infected with Chk2DN ( Figure 5C ).
Assessment by colony formation efficiency and fluorescence microscopy after co-infection of a retroviral vector encoding GFP indicated that 60-70% of p53DN and 40-50% of the Chk2DN-infected cells initially divide successfully.
The extent of proliferative lifespan extension conferred by the retroviral vectors was monitored by growth curves ( Figure 5D ) and by serial BrdU labelling analyses ( Figure 5E ). As expected (Bond et al, 1994) , p53DN expression conferred an additional BPD20 over neo-only controls, terminating in a second state of viable, proliferative arrest similar to senescence ( Figure 5D and data not shown). Chk2DN also extended the lifespan, although to a lesser extent (PD10-12), and again ending in a senescence-like state with low BrdU index ( Figure 5D and E), large and flattened morphology. Chk2DN-arrested cells stained intensively for acidic b-galactosidase and remained viable for at least 2 months (data not shown). Immunoblot analysis confirmed that growth arrest was not due to loss of expression of the Chk2DN mutant ( Figure 5E ). To gain insight into the molecular mechanism by which Chk2 extends lifespan, we analysed the expression of several cell cycle regulators in pooled drug-selected cultures. By day 20 post-infection, in HFF expressing Chk2DN, we observed a reduction of p21 protein level, and an increase in the hyperphosphorylated form of Rb and in cyclin A expression compared to age-matched control HFF ( Figure 5E ). As expected, similar results were obtained following expression of p53DN ( Figure 5E ). Subsequent cessation of growth by day 60, in both Chk2DN and p53DN cultures, was associated with reduction in the hyperphosphorylated form of Rb and reduction of cyclin A expression.
To complement the dominant-negative approach, we next used siRNA transfection (Elbashir et al, 2001) to 'knock down' transiently the expression of Chk2. Transfection of senescent fibroblasts with Chk2 siRNA resulted in a significant (approximately 55-70%) reduction in Chk2 protein levels compared to control siRNA (Figure 6 ), without affecting the expression of other DNA-damage-associated protein kinases, notably Chk1 (Figure 6 ). Knockdown of endogenous Chk2 protein led to short-term responses equivalent to those seen with the dominant-negative Chk2, namely reversion to a 'young' morphology, reduced SA-bgal expression and increased BrdU incorporation, associated with reduced p21 expression, and increased pRb hyperphosphorylation and cyclin A expression ( Figure 6B and C) . As expected from the half-life of siRNA, culture reverted to a senescent phenotype several days after the last siRNA transfection (data not shown).
From these data, we conclude that Chk2 is essential (though not necessarily sufficient) for induction of senescence-associated replicative arrest in human fibroblasts.
Discussion
Previous studies have shown that short telomeres or disruption of telomere structure can activate a checkpoint response (Lee et al, 1998; Karlseder et al, 1999 ) that requires p53 (Chin et al, 1999; Karlseder et al, 1999) and in some cases ATM (Karlseder et al, 1999) . Consistent with this, we show that phosphorylation of Chk2 at Thr68, the principal site for activation by ATM in response to DNA DSBs (Melchionna et al, 2000) , occurs during replicative senescence. However, the role of ATM itself is difficult to address since ATM participates directly in telomere length maintenance, as demonstrated by accelerated telomere loss and increased chromosomal end-to-end fusions in ATM-deficient mice and human cells (Metcalfe et al, 1996; Wong et al, 2003) . This role could outweigh the effect of losing the ATM-mediated signalling pathway. We also observed that Chk2 is phosphorylated at Thr26 or Ser28 regulatory sites which do not appear to be ATM substrates in vitro , suggesting the existence of an additional, ATM-independent pathway for the regulation of Chk2 at senescence. This is consistent with the observation that senescence in ATMdeficient human fibroblasts is not delayed and is associated with an induction of p53 DNA-binding activity (Vaziri et al, 1997) . Potential alternative kinases that may act as transducers of the damage signal include ATR, which can phosphorylate Chk2 at Thr26 in vitro .
Inactivation of Chk2 resulted in temporary escape from senescence, strongly suggesting that the growth arrest in senescent HFF cells is primarily due to a DNA damageinduced signal. As observed here and previously in HFF expressing mutant p53 (Bond et al, 1994) , escape from growth arrest is not accompanied by a complete loss of p21 expression, suggesting that partial abrogation of p53 function may be sufficient to allow fibroblasts to initially overcome senescence. Consistent with this, p21 levels are only transiently induced in late-passage HFF expressing p53DN, as it is the case for replicative senescence of normal fibroblasts (Stein et al, 1999) .
The similar functional consequences of disrupting Chk2 or p53 function observed here provide a plausible explanation for the finding of CHK2 gene mutation as an apparent alternative to p53 mutation in the Li-Fraumeni inherited cancer predisposition syndrome (Bell et al, 1999) . Despite the striking similarities, however, the smaller extent of lifespan extension conferred by Chk2DN compared to p53DN raises the possibility that the absence of Chk2 can be compensated by activation of other kinases capable of activating the p53 pathway. These include ATM, which can phosphorylate p53 directly (on serine 15) in response to DNA damage, as well as Chk2 (on threonine 18 or serine 20) . Indeed, we have previously shown that p53 is phosphorylated at several sites including not only threonine 18 but also serine 15 in senescent fibroblasts (Webley et al, 2000) .
Senescent HFF cultures accumulate g-H2AX, a marker of DNA DSBs. We cannot exclude the involvement of nontelomeric chromosomal breaks in this response because chromosome fusion and breakage events following critical telomere shortening occur at senescence, as evidenced by a relatively high incidence of di-centric chromosomes in ageing cell populations (Benn, 1976) . Furthermore, as telomere erosion continues in cells expressing E6/E7, these secondary events likely trigger the more conventional DNA DSBs damage response. However, our ChIPs data strongly suggest that an additional, if not the major, source of the damage signal in cells undergoing telomere erosion is the shortened telomeres themselves.
It is still not clear how telomere erosion leads to a state that resembles DNA damage. Estimates of the number and critical length of shortened telomeres needed to trigger senescence vary widely (Baird et al, 2003) , and it appears that telomere structure, not length per se, is the prerequisite for normal telomere function (Karlseder et al, 2002) . The single-stranded 3 0 telomeric overhang is normally sequestered within a protective T-loop structure, which is believed to mask telomeres from being recognised as classical DNA breaks (Griffith et al, 1999) . Destabilisation of the T-loop and ensuing deprotection of chromosome ends in cells lacking TRF2 lead to the telomeric recruitment of known DNA damage proteins (Oh et al, 2003; Takai et al, 2003) , and a cell cycle arrest with all the hallmarks of senescence (van Steensel et al, 1998) . Hence, exposure of this 3 0 overhang and/or its subsequent processing to a DSB may be the key consequence of critical telomere shortening at replicative senescence (Stewart et al, 2003) . Consistent with this, overexpression of TRF2 delays the onset of senescence, presumably by increasing the stability of the loop structure (Karlseder et al, 2002) . Other studies published while this work was under revision (d'Adda di Fagagna et al, 2003; Sedelnikova et al, 2004) have described an accumulation of g-H2AX in senescent fibroblasts with a telomeric (d'Adda di Fagagna et al, 2003) and a nontelomeric (Sedelnikova et al, 2004) origin for the majority of the g-H2AX foci. Failure to detect telomeric accumulation in the latter study may have been due to the limitation of the in situ telomere labelling technique used in detecting very short telomeres.
On the basis of present and previously published data (Karlseder et al, 1999; Takai et al, 2003) , we propose a model (Figure 7 ) in which chromosomal breaks and dysfunctional telomere elicit an ATM-dependent and -independent phosphorylation of H2AX and Chk2. Activated Chk2 would in turn phosphorylate p53, thereby making an essential contribution to its activation, and hence induction of the cell cycle inhibitor p21.
The functional significance of senescence-induced H2AX phosphorylation remains undetermined, although a likely possibility is that upon relocalising to sites of DNA damage H2AX phosphorylation is involved in the recruitment of DNA damage signalling factors (Rogakou et al, 1999) .
Our data add further support to the postulate that cells have evolved a DNA damage-like response in response to loss of telomere function to preserve the integrity of the genome. This is consistent with the long-standing observation that human fibroblasts undergo sustained growth arrest following g-irradiation and display a virtually indistinguishable phenotype from senescent fibroblasts (Di Leonardo et al, 1994) , and with the evidence that genotoxic agents and telomere dysfunction elicit additive or synergistic effects (Goytisolo et al, 2000; Wong et al, 2000) . The latter observations may prove to have important implications for combined use of telomerase inhibitors with conventional chemotherapy for cancer treatment. 
H2AX
Other Figure 7 A model connecting telomere damage signalling and senescence-associated replicative arrest. As a consequence of cumulative cell divisions, a DNA DSB signal is generated either directly via exposure of critically shortened telomere or indirectly via chromosomal breaks, which may occur as a consequence of chromosome fusion and breakage following critical telomere shortening. These events elicit an ATM-dependent and -independent phosphorylation of targets including H2AX and Chk2. Activated Chk2 could further propagate the signal via a downstream substrate such as p53, which would in turn activate the transcription of the cell cycle inhibitor p21, leading to replicative arrest. Other intermediates and co-factors in the signalling pathway from the senescence-associated DNA damage to p53 activation are undoubtedly necessary. Figure 1A . Representative photographs of stained field are shown.
Materials and methods
Cell culture and growth arrest analysis
Normal HFF (kindly provided by Dr Jacques Piette, Montpellier) and IMR90 lung fibroblasts (purchased from ATCC) were cultured as described (Gire and Wynford-Thomas, 1998; Stein et al, 1999) . Senescence, as defined by the criteria described previously (Gire and Wynford-Thomas, 1998) , occurred at an estimated PD of 85-87 for HFF and 69-71 for IMR90 cells. Crisis was defined as the period when cultures could no longer be passaged and exhibited widespread cell death, and occurs at an estimated PD of 133-135 for HFF and 111-115 for IMR90. hTERT-infected cells were grown for at least PD100 beyond the lifespan of the parental control-infected cells to ensure that they were immortalised. BrdU incorporation assays were performed as described (Gire and Wynford-Thomas, 1998) . The senescent phenotype was scored by determining the percentage of population exhibiting an SA-bgal activity as described (Dimri et al, 1995) . At least 350 cells were counted for each sample; each experiment was performed at least twice.
Cells were treated with bleomycin at 10 mg/ml for 10 h.
Retroviral infection
The retroviral vectors used were: pBabe-p53V143A (Bond et al, 1994) and HPV16-E6/E7 genes in pLXSN, packaged in PA317 cells (a kind gift of Dr Denise Galloway, Seattle). The pLPC-hTERT was a kind gift from Geron Corporation. pLXSN was used to clone dominant-negative Chk2 from pcDNA3-D347A-Chk2 (a kind gift of Dr Jiri Bartek, Copenhagen). Retroviral gene transfer experiments have been described (Bond et al, 1994) . Cells infected with a retroviral vector carrying only the drug resistance genes were used as controls. Pools of infected cell were selected in medium containing 1.5 mg/ml puromycin for pLPC and pBabe-based vectors or 400 mg/ml G418 for pLXSN-derived vectors. A PD of 0 was arbitrarily given to the first confluent dish under selection. Cumulative PDs per passage were calculated as log 2 (number of cells at the time of subculture/number of cells plated).
Near-senescent cultures of HFF (PD71-73) were infected with retroviral vector expressing pBabe-p53V143A or pLXSNChk2D347A or neo-only with an equivalent titre. The infection efficiency was between 15 and 25%, as determined in parallel infection of near-senescent cultures using viruses expressing green fluorescent protein. PD of cultures stably expressing p53DN were calculated from cumulative cell number at each passage. PD of cultures expressing Chk2DN was determined by serial cell counting by microscopic examination of individual colonies of cultures seeded at clonal density (as described in Bond et al, 1994) .
siRNA transfection
The 21-nt base-pair siRNA duplexes were purchased from Dharmacon (Lafayette Co). The sequence of the Chk2 oligonucleotides was: 5 0 -GAACCUGAGGAGCCUACCCdTdT-3 0 and 5 0 -GGGUAGGCUCCU CAGGUUCdTdT-3 0 ; the control directed against the pBS cloning vector was 5 0 -GACCCGCGCCGAGGUGAAGUU-3 0 and 5 0 -CUUCAC CUCGGCGCGGGUCUU-3 0 . Fibroblasts were plated in a six-well plate 24 h prior to transfection at a concentration of 2 Â10 5 cells per well. Cells were transfected three times, 72 h apart, using Oligofectamine according to the manufacturer's instructions (Invitrogen, Carlsbad, CA): 7 ml of 20 mM siRNA duplex was mixed with 200 ml of Opti-MEM (Invitrogen), while in a second tube 7 ml of Oligofectamine was mixed with 54 ml of Opti-MEM. The two mixtures above were combined, gently mixed and added to the cells. Cells were harvested 7 days after the first transfection.
Cell extracts, Western blotting and immunoprecipitation analysis Cells were lysed and analysed by immunoblotting as described previously (Stein et al, 1999) . Amido-black staining of the membrane confirmed equal loading of the samples. The primary antibodies used were: Chk2 phosphorylated at Thr68 (described in Lukas et al (2003) ; lot 2), Chk2 phosphorylated at Thr387 (described in Lee and Chung (2001) ; lot 1), Chk2 phosphorylated at Thr26/Ser28 (described in Xu et al (2002) ; a kind gift of Vincent Bussmann), all from Cell Signaling Technology; Chk2 (sc-9064), p21 (sc-397) and p53 (sc-26/clone DO1) from Santa-Cruz; Chk2 (clone 7) from Upstate Biotechnology, cyclin A from Novocastra and Rb (14001A) from Pharmingen. To immunoprecipitate Chk2, 200 mg of whole-cell lysates was incubated with 1.5 mg of anti-Chk2 antibody overnight at 41C. Gel electrophoresis, protein transfer and signal detection were performed as described (Stein et al, 1999) .
Chromatin immunoprecipitations
Cells were harvested, crosslinked in 1% formaldehyde for 1 h at room temperature, washed with PBS and lysed in 1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0, at a density of 10 7 cells/ml. Immunoprecipitations of crosslinked chromatin were carried out as described in Loayza and De Lange (2003) , with the following antibodies: rabbit anti-g-H2AX, mouse anti-g-H2AX (clone S139), all from Upstate Biotechnology, and rabbit polyclonal anti-Chk2 (sc-9064). Reversal of crosslinks and DNA purification were performed according to Loayza and De Lange (2003) , and the input corresponding to one-quarter of the amount of lysates used for immunoprecipitation was treated alongside the immunoprecipitation samples at this step. The DNA precipitate was dissolved in 100 ml of water, denatured in 0.4 N NaOH/25 mM EDTA and dot blotted on Hybond membranes. The DNA was fixed on the membrane and hybridised at 461C overnight in SSPE/1% SDS buffer with either a terminal transferase-labelled telomeric DNA or an Alu repeat probe (Loayza and De Lange, 2003) . Filters were washed twice at 461C with 2 Â SSPE/0.01% SDS, and twice with 0.2 Â SSPE, then exposed to PhosphorImager and quantitated using ImageQuant software. ChIPs yield was calculated as the percentage of telomeric association for each immunoprecipitation after normalisation of data to the corresponding ratio of the Alu probe (to measure nonspecific DNA binding). Therefore, values take into account reductions in telomere length.
Immunofluorescence labelling
Cells were fixed in 3.7% formaldehyde and indirect immunofluorescence was carried out as described (Stein et al, 1999) . Mouse anti-g-H2AX antibody (1/500) and goat anti-mouse antibody conjugated with Texas red (Molecular Probes, Eugene, OR) were used. DNA was counterstained with Hoescht dye. Images were captured by using a DHRB Leica fluorescence microscope equipped with a MicroMax 1300Y/HS black and white CCD camera (Roper) driven by software Metamorph (Universal Imaging Corporation). Foci were scored by eye at a magnification of Â 630 and at least 100 nuclei per condition were examined.
